Introduction
Syngas conversion to higher oxygenates (C 2 -oxy) can potentially produce desirable liquid chemicals from natural gas, biomass and carbon dioxide for applications in transportation fuels and commodity manufacturing [1] [2] [3] [4] . To make this process environmentally and economically viable, effective catalysts need to be developed and the reaction mechanism needs to be further understood. Rhodium (Rh) catalysts have been extensively studied for C 2 -oxy synthesis [3, 4] . It is known that the activity and selectivity of Rh catalysts are highly susceptible to promoters, impurities and supports [1, [5] [6] [7] [8] [9] [10] [11] . In a previous study [12] , we reported the structure sensitivity of Rh catalysts for syngas conversion, in which the Rh stepped (211) surface exhibits high activity but low Abstract Alkali metal oxides commonly exist as impurities or promoters in syngas conversion catalysts and can significantly influence the activity and selectivity towards higher oxygenate products. In this study, we investigate the effects of sodium oxide on silica-supported Rh catalysts by experimentally introducing different amounts of sodium and monitoring the change in reactivity and CO adsorption behavior. The experimental results combined with density functional theory (DFT) calculations show that sodium selectively blocks step/defect sites on Rh surfaces, leading to reduced activity but higher C 2 oxygenate selectivity. DFT calculations also suggest that sodium present on Rh terrace sites can facilitate CO dissociation, potentially increasing C 2 oxygenate production. The overall activity and selectivity toward various products can be changed significantly based on the degree of site blocking by the added sodium.
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C 2 -oxy selectivity, and the opposite effect is exhibited by the Rh terrace (111) surface. Experimentally, we observed that different pretreatments of the silica support led to significantly different activity levels and selectivity patterns. Namely, Rh supported on silica that was washed in nitric acid showed higher activity but lower C 2 -oxy selectivity while unwashed silica gel resulted in a catalyst with the opposite performance [12] . Experimentally quantifying the concentration of step sites and terrace sites is possible but very difficult in practice [13] . Instead, after excluding any effect of the Rh nanoparticle size [12] , we hypothesized that sodium impurities from the silica gel could lead to selective deactivation of the highly active step/defect sites and thus alter the syngas conversion activity and selectivity.
Understanding the effects of alkali metal oxides, as either impurities or promoters, on syngas conversion catalysts is critical. On one hand, alkali metal oxides usually exist as impurities in the commonly used catalyst support materials, including silica, alumina and titania [14, 15] . Volatile alkali metal species are also present in syngas derived from biomass and they can poison the syngas conversion catalysts [16, 17] . Even trace levels of alkali impurity were found to considerably change catalytic performance [5, 17] . On the other hand, alkali metal oxides have been widely used as promoters to enhance C 2 -oxy production in most types of syngas conversion catalysts, including Co and Fe-based catalysts, MoS 2 , modified methanol synthesis catalysts and Rh catalysts [1, 18] . In Rh-based catalysts, alkali promoters usually decrease overall activity but increase C 2 -oxy selectivity [6, 15] . Previous studies have suggested various explanations, including that alkali promoters may block specific reaction sites [7, 15] , suppress hydrogenation [6] [7] [8] , increase electron density of surface Rh [9] , change support surface acidity [19] , and increase dispersion of the Rh nanoparticles [10, 14] . Several studies also pointed out that the alkali promoter effect on Rh catalysts may be structural, rather than electronic [10, 11] .
To date, the mechanism of the effects from alkali impurities or promoters remains poorly understood and controversial. Even though decreased CO dissociation and suppressed hydrogenation are commonly observed, some previous literature also shows that alkali metals can enhance CO dissociation [20, 21] . In addition, these effects may vary based on the concentration [22, 23] and type of the alkali species [6, 24] , as well as the catalyst support [6, 7] . Specifically, the effect of sodium on Rh catalysts has been rarely studied [5, 24, 25] .
In this work, we combine density functional theory (DFT) calculations and experimental methods to elucidate the role of sodium, which exists under catalytic conditions in its oxidized form as sodium oxide, in tuning the activity and selectivity of silica-supported Rh catalysts for syngas conversion. Instead of co-impregnation, which often affects the dispersion of Rh nanoparticles, we introduce various amount of sodium onto calcined Rh catalysts to keep the Rh dispersion unchanged. With increasing sodium concentration, the overall syngas conversion activity decreases, selectivity towards methane decreases, and the selectivity towards C 2 -oxy increases. The major product transitions from methane to C 2 -oxy. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) measurement shows that sodium causes a redshift in the bridged CO adsorption frequency and that this CO species is strongly bonded to the Rh surface. From DFT calculations, we gain an atomic level understanding of the experimentally observed phenomena and explain the changing activity and selectivity with increasing concentration of Na 2 O. The DFT results, which predict reactivity trends consistent with experimental observation, show that Na 2 O preferentially blocks step sites on the Rh surface and hence decreases CO dissociation, reducing methane selectivity. The C 2 -oxy selectivity improves because the Rh terrace sites, which are selective to C 2 -oxy, remain unblocked. The calculations also suggest that if present on Rh terrace surface, Na 2 O can lower the CO dissociation barrier and may increase overall activity and C 2 -oxy production.
Methods

DFT Methods
Electronic potential energies were calculated with density functional theory (DFT) performed with the Quantum ESPRESSO plane-wave code. A periodic four-layer Rh slab, with atoms in the top two layers relaxed and the rest fixed, was used to model the surface. A plane-wave cutoff of 500 eV was used for all calculations and the Brillouin zone was sampled with a Monkhorst-Pack k-point [26] grid of [4, 4, 1] on the 3 × 3 supercells. A dipole correction was applied to all surfaces. The Bayesian Error Estimation Functional with van der Waals corrections, BEEF-vdW, was employed, which includes a correction for van der Waals forces based on the vdW-DF2 functional [27] .
Adsorption energies were calculated by optimizing the atomic geometries with a BFGS line search algorithm as implemented in the "atomic simulation environment" (ASE) Python package [28] . For each adsorbate, a number of highsymmetry sites were tried and the minimal energy was used. The Na 2 O concentration was 1 Na 2 O per 3 × 3 cell for both (111) and (211) surfaces, and the structures for corresponding CO* adsorption are shown in Fig. 1 . It has been found that CO* is most stable on the three-fold site of the (111) surface and on the bridging site of the (211) surface. Transition-state geometries were calculated with the fix bond length (FBL) method. All structures were optimized until force components were less than 0.05 eV/Å.
Vibrational frequencies were computed using a finite difference approximation to the Hessian and subsequent diagonalization to find the normal modes, as implemented in ASE [28] . Vibrational frequencies were used to compute the free energy of adsorbates by assuming that all degrees of freedom are harmonic vibrational modes. Gas-phase energies were computed with the BEEF-vdW functional and free energy corrections of gas-phase species were obtained using the Shomate Eq. [29] as implemented in CatMAP [30] .
Experimental Methods
Catalyst Preparation
Silica gel was washed in 2M nitric acid at 80 °C for 2 h in order to remove sodium and iron impurities [5] . After washing, the silica gel was washed again with deionized water and dried. The Rh catalysts were prepared by incipient wetness impregnation (IWI). An appropriate amount of RhCl 3 ·xH 2 O (Sigma-Aldrich, 39 wt% Rh) was dissolved in Milli-Q water so that the Rh metal loading was 5 wt% and the solution volume equaled the total pore volume of the silica. IWI was performed by adding Rh solution dropwise onto silica under constant stirring. After drying at room temperature for 24 h, the Rh catalysts were calcined in static air at 500 °C for 4 h. The pristine Rh catalyst is designated as Rh/SiO 2 . A second IWI step using an aqueous solution of NaCl (Fisher Scientific, 99.8%) was applied to introduce sodium to Rh/SiO 2 . Appropriate amounts of Na were added to obtain nominal atomic ratios between Na and Rh of 1:17, 1:5, 1:3 and 1:2. After addition of sodium, another calcination was carried out in air at 500 °C for 4 h. Note that sodium oxide is the stable phase under reaction conditions; however, in the following sections we use "sodium" to refer to "sodium oxide" for simplicity.
Reaction Tests
Syngas conversion reactions were carried out in a tubular fixed bed reactor (Altamira Instruments, glass-lined stainless steel reactor, 30 cm length, 4 mm internal diameter). A gas purifier (Pall GASKLEEN ST) was used to remove nickel and iron carbonyl from CO before the gas stream enters the reactor. Usually, 33 mg catalyst was diluted with washed silica gel to a total mass of 100 mg and loaded into the reactor. After reducing the catalyst in situ at 250 °C for 2 h in a H 2 /He mixture (1 bar, 20 sccm H 2 , 80 sccm He), the pressure was increased to 20 bar while the temperature remained at 250 °C for the syngas conversion reaction. Total gas flow rate was 30 sccm and the molar ratio between the reactants was H 2 /CO = 2. These flow rate and catalyst charge values were chosen to maintain low CO conversion in order to avoid secondary reactions. All the products were analyzed online using gas chromatography (Agilent 7890B) and the products were detected by a flame ionization detector (FID), a thermo-conductivity detector (TCD) and a mass spectrometer (MS, Agilent 5977). The selectivity was calculated on a carbon basis excluding CO 2 : S i = C i r i ∕ ∑ j C j r j where C i is the number of carbon atoms in species i and r i is the production rate of species i. In this paper, C 2 oxygenates include acetaldehyde and ethanol, while other higher oxygenates were not detected in our syngas conversion reaction.
Catalyst Characterization
Rh nanoparticle size was analyzed by an FEI Tecnai G2 F20 X-TWIN transmission electron microscope (TEM) operated at 200KV. Rh catalysts were reduced in 5% H 2 /N 2 at 250 °C for 2 h before TEM characterization.
DRIFTS was performed in a Bruker Vertex 70 infrared spectrometer with a closed reaction cell (Harrick Scientific) and an MCT detector. All spectra were collected with 2 cm − 1 resolution and 200 scans. Ultrahigh purity H 2 (99.999%, Matheson) and CO (99.99%, Praxair) were used and a heated stainless steel cylinder filled with ϒ-Al 2 O 3 was employed to remove metal carbonyl impurities from the CO source. 20 mg of catalyst powder was loaded into the sample cup and evacuated by a mechanical vacuum pump to a pressure around 10 mTorr. Prior to CO adsorption, the catalyst sample was reduced under flowing H 2 at 250 °C for 2 h and then H 2 was evacuated at 250 °C for 15 min before cooling to room temperature. A sample spectrum was taken as the background before introducing CO. Then CO was dosed into the cell and the sample surface was saturated. After excess CO was evacuated and the absorption spectrum was stabilized, CO absorption spectra were collected. Subsequently, hydrogen flow was introduced into the reaction chamber and the sample was heated at 10 ℃/min up to 250 °C and DRIFTS spectra were collected every 5 min.
Inductively coupled plasma mass spectrometry (ICP-MS) was used to quantify the Na:Rh atomic ratio in the catalysts. The catalysts were reduced in 5%H 2 /N 2 at 250 °C for 30 min and then digested in aqua regia. The digested solutions were analyzed by ICP-MS to obtain the concentrations of Na and Rh in each sample.
Results and Discussion
DFT Calculations
Site blocking by alkali promoters, especially on specific sites for hydrogen adsorption and desorption or for CO dissociation, has been hypothesized in previous studies [7, 15] . Such site blocking could change the availability of different types of Rh sites and thus change the activity and selectivity. Since Na 2 O, and not Na, mostly likely exists as the stable species under syngas conversion conditions [31, 32] , herein, we used first-principle DFT calculations to investigate the influence exerted by surface adsorbed Na 2 O on both stepped (211) and terrace (111) surfaces.
Binding Energy of Na 2 O on Different Rh Surface Sites
DFT calculations show that the adsorption energy of Na 2 O on the Rh stepped (211) surface is 0.93 eV stronger than on the Rh terrace (111) surface. Therefore, sodium, either introduced as an impurity or intentionally added as a promoter, will preferentially bind on the Rh step sites rather than at the terrace sites. Since Rh step sites are highly active for CO dissociation and highly selective towards methane [12] , blocking and deactivating such sites can lead to a reduction in overall catalytic activity and in methane selectivity, but an increase in C 2 -oxy selectivity, if the Rh terrace surface sites remain unblocked.
Effect of Na 2 O on CO Adsorption Energy and CO Dissociation Barrier
After Rh step sites become nearly completely blocked, any excessive amount of Na 2 O will further decorate the Rh terraces. Since hydrogen assisted C-O bond dissociation is the rate-limiting step for syngas conversion over Rh catalysts [12, 33, 34] , we investigated the effect of Na 2 O on CO adsorption energies and CH-OH scission barriers. As shown in Table 1 , the presence of Na 2 O strengthens CO adsorption on both Rh (111) and Rh (211) surfaces. Moreover, the CH-OH dissociation barrier is reduced by 0.2 eV with the decoration of Na 2 O on Rh (111) ( Table 2 ). This indicates that while a small amount of Na 2 O leads to a decrease in activity and selectivity towards methane as a result of blocking step sites, excessive Na 2 O may exhibit the opposite effect of facilitating CO dissociation and enhancing CO conversion on Rh (111) terraces. Liu et al. [21] also reported a decrease in the CO dissociation barrier on a Rh (111) surface covered with potassium, although their model was based on K atoms rather than oxide.
Experimental Results
As measured by ICP-MS, the actual Na:Rh atomic ratios of the catalysts are close to the prepared ratio (Table 3) , although the sample with prepared Na:Rh ratio of 1:5 has a measured atomic ratio of 1:4. These catalysts are designated as the measured Na:Rh atomic ratios: Na:Rh-1:14, Na:Rh-1:4, Na:Rh-1:3, Na:Rh-1:2.2. We note, however, that these ratios may not fully reflect the amount of Na present on the Rh surface, since Na can be adsorbed onto silica support as well. 
TEM Characterization on the Size Distribution of Rh Nanoparticles
Alkali promoters are usually introduced by co-impregnation, which often leads to increased Rh dispersion [10, 35] . Egbebi et al. [10] observed a decrease in CO hydrogenation activity of Rh catalysts promoted by Li and attributed this lower activity to the smaller Rh nanoparticle size and reduced Rh ensembles, since Rh ensembles may be required for CO dissociation [10] . Changing the size of the Rh nanoparticles could lead to different ratios between corner, edge and terrace sites on the Rh nanoparticle surface [36] , and hence affect syngas conversion activity and selectivity regardless of the chemical nature of the impurity or promoter. To avoid obscuring the effects from sodium, we avoided co-impregnation and instead impregnated Na onto calcined Rh/SiO 2 . The mean diameters of the Rh nanoparticles were obtained from TEM characterization by measuring over 200 nanoparticles for each sample (Fig. 2) . As shown in Table 4 , the reduced Rh/ SiO 2 , Na:Rh-1:4 and Na:Rh-1:3 samples show a similar size distribution of Rh nanoparticles. Therefore, the main effect of the Na species should be to decorate the surface of the Rh nanoparticles and the silica support. Given that Na 2 O binds more strongly on step/defect sites of Rh than on terrace sites, these under-coordinated sites will be preferentially blocked by Na 2 O.
Spectroscopic Detection of CO Adsorbed on Rh Catalysts
DRIFTS was used to investigate the C-O bond stretching frequency for Rh/SiO 2 catalysts with various levels of Na addition, as shown in Fig. 3 . On Rh/SiO 2 , the major peaks at ~ 2060 and ~ 1930 cm − 1 correspond to linear CO (CO binding to one Rh atom) and bridged CO (CO binding to multiple Rh atoms) species, respectively [37] [38] [39] . For Na:Rh-1:4 and Na:Rh-1:3, the linear CO peak slightly redshifted while the bridged CO peak appeared at ~ 1840 cm −1 , 90 cm −1 lower than bridged CO on Rh/SiO 2 . Egbebi et al. [7] and Schwartz et al. [7] reported a low wavenumber CO adsorption peak around 1750 cm − 1 on a Li-promoted Rh surface, which was assigned to CO interacting with Rh and Li cations through both C and O. Since the ~ 1840 cm − 1 peak induced by Na appears at higher wavenumber than those observed on the Li-promoted Rh catalysts, we assign it as a bridged CO species bonded to Rh atoms that are in close contact with Na present on the surface. We conducted DFT calculations of CO vibrational frequencies to simulate the effect of Na 2 O on clean and Na 2 O decorated Rh (111) surface. As shown in Fig. 3a , DFT calculations show that on a Na 2 O decorated Rh surface, the separation between bridged CO and linear CO is 100 cm − 1 larger than on Rh/SiO 2 , confirming the conclusion reached from the experimental measurements that the lower frequency bridged peak results from interaction of Rh with Na 2 O. The experimental DRIFTS data show that the relative ratio of bridged to linear CO is higher with the presence of Na. As discussed in Sect. 3.1.2, Na 2 O results in stronger binding of CO compared to that on a clean Rh surface. Therefore, the interface between Rh and Na 2 O could represent more favorable CO adsorption sites. This is also reflected in the stability and reactivity of the linear and bridged CO species on clean and Na 2 O-decorated Rh surfaces. After holding the sample at 250 °C under hydrogen flow for 5 min (Fig. 3b) , the bridged CO peak on Rh/SiO 2 disappeared but that on Na:Rh-1:4 and Na:Rh-1:3 became relatively stronger than that of linear CO. Since bridged CO on Na:Rh-1:4 and Na:Rh-1:3 is closely affected by Na 2 O, such sites may serve as a reservoir of adsorbed CO due to the stronger binding. Although it is difficult to directly correlate different adsorption peaks with the formation of various products in syngas conversion reaction, the red-shifted bridged CO peak and higher stability of this bridged peak under H 2 exposure confirm that Na is in direct contact with the Rh surface and show that Na induces a more stable CO adsorption species with less activity towards hydrogenation. Combining evidence provided by DRIFTS that Na is present on the Rh surface, the results from DFT showing the blocking of Rh stepped sites by Na, and the increasing C 2 -oxy selectivity with Na concentration from syngas conversion, we conclude that the presence of Na of Rh surface enhances C 2 -oxy selectivity.
Syngas Conversion
To understand the role of sodium on Rh catalysts, it is helpful to first consider the general mechanisms of syngas conversion. Here we summarize the mechanisms briefly. CO dissociation and hydrogenation provide surface CH x groups as precursors for subsequent reaction pathways. Complete hydrogenation of these CH x groups produces methane, whereas coupling of CH x groups leads to higher hydrocarbons. C 2 -oxy production requires not only CO dissociation which leads to the surface CH x precursor, but also the presence of enough molecularly absorbed CO to insert into Rh-CH x bonds. Rh step/defect sites are highly active for CO dissociation and methane production, whereas terrace sites are kinetically slow in dissociating CO but selective for C 2 -oxy production [12] . Figure 4 shows the syngas conversion activity and CO 2 -free selectivity of Rh catalysts with different amounts of Na addition tested under 250 °C reaction temperature (solid markers). The 5% Rh/SiO 2 sample showed a high selectivity (71%) towards methane and low selectivities towards higher hydrocarbons and C 2 oxygenates. Methanol was produced in trace amount. With increasing Na:Rh atomic ratio from 1:14 to 1:2.2, the overall activity and selectivity towards methane decreased, but selectivity towards C 2 -oxy increased, except for the Na:Rh-1:4 catalyst. The differences in CO conversion and selectivity towards major products are well above the typical relative standard deviation from GC detection. In addition, the conversion level varies among different catalysts. However, within such a low conversion range, a change in the conversion level should not alter the observed selectivity-activity trend [12] .
These trends are commonly seen in Rh catalysts with alkali metal oxide promoters [6, 15, 24] , although Schwartz et al. [7] and Egbebi et al. [10] reported increased activity when using titania as the support. Such changes in activity and selectivity are consistent with our previous study [12] on the structure sensitivity of Rh catalysts, indicating that Na 2 O modifies the available surface sites of Rh by blocking step/defect sites and subsequently leads to lower activity and lower methane selectivity but higher C 2 -oxy selectivity. Selectivity towards higher hydrocarbons, a minor product, fluctuates between 0 and 15% with increasing Na concentration. Surprisingly, Na:Rh-1:4 did not follow the general trends and yielded a high methanol selectivity at 250 °C and low selectivities towards methane and C 2 -oxy, each accounting for less than 10% in total products. In addition, Na:Rh-1:4 generated a significant portion of CO 2 (40% among all products, on a carbon basis; see discussion below), but CO 2 was not detected from the other catalysts. (Additional Na:Rh-1:4 samples tested show similar selectivity pattern.) If methanol formed from hydrogenation of CO 2, the high methanol selectivity of Na:Rh-1:4 may be a secondary product of CO 2 production [9, 40] . Insufficient catalyst activation may be a possible cause of the deviation from the general trend. We investigated this possibility by testing the Na:Rh-1:4 catalyst under changing temperatures from 250 to 270 °C, then back to 250 °C. When temperature dropped from 270 to 250 °C, we observed that the selectivity pattern returned close to that obtained at the initial 250 °C, including decreased methane and C 2 -oxy selectivity; increased CO 2 and methanol selectivity. Therefore, the different selectivity pattern of the Na:Rh-1:4 catalyst is not likely to arise from a lack of activation.
Another possibility, however, is that at a Na:Rh atomic ratio of 1:4, Na blocks a majority of step/defect sites. Since Rh terrace sites are not effective in dissociating CO compared to the step sites [12, 41, 42] , hydrogenation of undissociated CO on the terraces could be the source of methanol production. We believe that the pathway in which undissociated CO is hydrogenated contributes to at least some of the methanol production at Na:Rh-1:4 because other samples (e.g. Na:Rh-1:3 and Na:Rh-1:2.2) which also showed moderate methanol selectivity did not lead to detectable CO 2 (Fig. 4) .
The high CO 2 production from Na:Rh-1:4 is perplexing. CO 2 could be generated as a side product from Boudouard reaction [43] or carbide formation. Recently, Zhong et al. [44] reported Co 2 C formation during syngas conversion which, as suggested by the authors, could be enhanced by the sodium species in the Co catalyst. The Na:Rh-1:4 catalyst may possibly form a surface composition that especially facilitates carbon deposition and CO 2 formation. Further studies will be required to explain this phenomenon.
The DFT calculation results show a lower CO bond dissociation barrier on the Na 2 O decorated Rh (111) surface and may therefore be expected to lead to an increase in the overall activity from the terrace sites. However, from the experimental results, the activity monotonically decreases with increasing Na coverage. This result is consistent with other work, for example that by Nikparsa et al. [22] and Blekkan et al. [23] , in which it was reported that too much alkali addition leads to inactive Co catalysts for CO hydrogenation. Moreover, even though the highest Na concentration tested (Na:Rh-1:2.2) further improved the C 2 -oxy selectivity to 44% compared to Na:Rh-1:3, the activity continued to decrease. Such a decrease in overall activity likely suggests that even though activity on the terraces may be enhanced by Na decoration, the overall effect is dominated by the decrease in activity as remaining step/defect sites are blocked, since the step/defect sites are orders of magnitude more active than the terrace sites.
Na:Rh-1:4 and Na:Rh-1:3 catalyst samples were also tested at a 270 °C reaction temperature (Fig. 4 , hollow markers). While Na:Rh-1:3 only showed slight changes in activity and selectivity compared to reaction at 250 °C, Na:Rh-1:4 Fig. 4 CO 2 -free selectivity (%) and syngas conversion activity of Rh catalysts with varying Na:Rh measured atomic ratios studied in this work. Solid markers represent syngas conversion tested at 250 °C for all catalysts. Hollow markers represent Na:Rh-1:4 and Na:Rh-1:3 tested at 270 °C. C 2+ H x represents higher hydrocarbons. Relative standard deviation for selectivity is typically within 10% and that for conversion is around 5-40% showed a more considerable change with temperature: selectivity towards methanol decreased by 50% and that towards methane and C 2 -oxy doubled. Such a change in the selectivity pattern of Na:Rh-1:4 suggests that the CO dissociation rate, which from the earlier discussion was inferred to be lower than that for other catalysts, partly recovers at higher temperature. Hence, dissociation of CO followed by hydrogenation becomes more significant at higher temperature for this catalyst.
To summarize the syngas conversion results, the experimental data show that sodium changes the activity and selectivity of Rh. Based on DFT calculations, such an effect stems from Na preferentially blocking Rh step/defect sites. Without sodium present, step/defect sites on the Rh surface rapidly dissociate CO, leading primarily to methane production [12] . We expect that Na is present on both the Rh and SiO 2 surface for the following reasons: since the Rh nanoparticles has a dispersion around 20% based on the size measured from TEM, the Rh surface would be completely covered and deactivated at a Na:Rh atomic ratio higher than 1:5 if Na were only deposited on the Rh surface. It is difficult to quantify the exact amount of Na present on the Rh nanoparticle surface. However, the trend observed in the experimental syngas conversion measurements confirms that more Na is present on the Rh surface as the total amount of Na is increased, and the DFT results provide a clear fundamental explanation for the observed trend in syngas conversion. When present as either impurity or promoter, sodium selectively blocks step/ defect sites on the Rh nanoparticles, decreasing the rate of CO dissociation and the overall activity. This slowing down of CO dissociation helps bring the CO dissociation rate into a regime where sufficient molecular CO is present on the terrace surface for the key reaction in C 2 -oxy synthesis-that of CO insertion into surface CH x groups-to be competitive with other reaction pathways. The extent by which activity and selectivity changes depends on the surface composition of the Na-decorated Rh nanoparticles.
Conclusions
In this study, we show that an increasing Na concentration on a Rh catalyst leads to decreased activity and methane selectivity while the C 2 -oxy selectivity increases. Fundamental understanding was obtained from DFT calculations, which show that sodium selectively blocks step and defect sites of Rh nanoparticles, resulting in the observed experimental trend. With increasing sodium concentration, the major product can transition from methane to C 2 -oxy. DFT calculations also show that sodium can enhances CO dissociation on Rh terrace sites. Sodium also strengthens the binding of CO to the Rh surface and shifts the bridged CO vibrational peak to lower wavenumber. With sodium being a widely present impurity, appropriate pretreatment of the catalyst support and reaction gas should be conducted to avoid undesirable influences caused by such impurities. Moreover, the effects of sodium as a structural modifier may be beneficially utilized in syngas conversion or other catalysis systems to tune the ratio among different types of catalytically active sites in order to improve catalytic activity and selectivity.
